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Abstract 
 Many organisms have beneficial microbial symbionts, and complex interactions between 
the immune system and the bacteria must occur to allow these symbioses to persist.  The host 
immune system must recognize and preferentially tolerate the beneficial microorganisms, while 
simultaneously eliminating harmful pathogens.  The Hawaiian bobtail squid, Euprymna 
scolopes, is a model organism for host-microbe interactions because of the unique light organ 
symbiosis.  Hemocytes, the squid’s primary immune cell, infiltrate and patrol the light organ and 
continuously interact with the symbiont Vibrio fischeri.  Using this model, several innate 
immunity genes have been shown to be differentially expressed in the hemocytes of animals with 
or without V. fischeri.  One such differentially produced protein is a putative cephalotoxin.  
Cephalotoxin has never before been found outside of the posterior salivary gland in cephalopods, 
where it normally plays a role in paralyzing their crustacean prey.  This research used sequencing 
methods and a tissue survey to characterize this putative cephalotoxin and understand whether it 
plays a role in the symbiosis.  A cephalotoxin contig was obtained that contained 3050 bases out 
of the possible 3402 bases sequenced from Sepia esculenta cephalotoxin.  Cephalotoxin was also 
found to be expressed in the hemocytes and the gills of adult E. scolopes, and the gills of 
juveniles.  Cephalotoxin’s presence in the gills is most likely due to the high concentration of 
hemocytes within the gills because of its vascular nature.  The salivary gland of adult squid did 
not contain cephalotoxin, which further indicates the novel role that it is likely playing in E. 
scolopes. 
Introduction 
 Beneficial microbial symbioses exist in many animal species (McFall-Ngai et al. 2012).  
Many of these symbioses are horizontally transmitted, or reestablished each generation, and the 
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animal must obtain the beneficial bacteria from a diverse background of bacteria in the 
environment.  This acquisition requires interactions between the immune system and the bacteria 
resulting in preferential tolerance toward the beneficial microbes while removing others 
(Nyholm and Graf 2012).  These multifaceted interactions in vertebrates often involve multiple 
immune cell types and a large symbiotic bacterial community, making it difficult to investigate 
individual factors that may play a role in mediating these symbioses.  The Hawaiian bobtail 
squid, Euprymna scolopes, has a beneficial symbiosis with the bioluminescent bacterium Vibrio 
fischeri (Nyholm and McFall-Ngai 2004).  This symbiosis contains a single innate immune cell, 
the hemocyte, and a single bacterial symbiont in the light organ, V. fischeri.  This one host-one 
symbiont model has been used to unravel some of these complex interactions. 
 V. fischeri is housed within the epithelium-lined crypts of the light organ of the squid.  
The squid utilizes the bioluminescence of V. fischeri for counter-illumination, an anti-predatory 
behavior.  As the squid forage at night, V. fischeri within the light organ of the squid emit 
enough light to mask the squid’s silhouette against the light of the moon, thus making it less 
noticeable to predators. 
This symbiosis is horizontally transmitted and must be reestablished with each 
generation.  The juvenile squid emerge from their egg cases without bacteria in the light organ, 
yet are selectively colonized by V. fischeri hours after hatching.  Juvenile light organs contain a 
ciliated epithelium that secretes mucus allowing V. fischeri from the environment to aggregate 
before entering the light organ (Nyholm and McFall-Ngai 2004).  V. fischeri is able to 
outcompete other environmental bacteria in this mucus and eventually enter the central core of 
the light organ through ciliated ducts and tubules (McFall-Ngai et al. 2010).  Once within the 
light organ crypts, V. fischeri comes into contact with the squid’s innate immune cells, or 
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hemocytes (Rader and Nyholm 2012).  Hemocytes behave in a similar manner to vertebrate 
macrophages, circulating throughout the animal and entering tissues to sample, bind, and 
phagocytose bacteria (Nyholm et al. 2009).  The symbiotic state of the squid results in the 
hemocytes differentially expressing bacterial recognition receptors and innate immunity genes 
(Collins et al. 2012).  A working hypothesis is that as the squid develop, the hemocytes learn to 
preferentially tolerate V. fischeri while phagocytizing other bacteria including closely related 
Vibrio sp. (Nyholm et al. 2009).  Hemocytes from animals treated with antibiotics to remove V. 
fischeri from their light organs (cured animals) significantly bind more V. fischeri than 
hemocytes from animals that remain symbiotic.  Together, these data suggest that the presence of 
V. fischeri in the light organ causes hemocytes to adapt to the symbiont, thus helping maintain 
the symbiosis.  
 A transcriptomic and proteomic survey of the squid’s hemocytes investigated which 
cellular products were upregulated between symbiotic squid and cured squid (Collins et al. 
2012).  In this survey, several innate immunity genes such as pattern recognition receptors 
(PRRs) and peptidoglycan recognition proteins (PGRPs), along with two toxins, plancitoxin and 
cephalotoxin, are found in the transcriptome.  Cephalotoxin, EsPGRP5, and a matrix 
metalloproteinase have down-regulated gene expression in hemocytes from cured squid by 
quantitative PCR (qPCR), suggesting that these factors are up-regulated during the symbiosis 
(Figure 1).  Cephalotoxin had never before been found outside of cephalopod salivary glands, 
and the differential expression of the cephalotoxin gene indicates that it may play a novel role in 
mediating the symbiosis between the host hemocytes and V. fischeri. 
 A large number of toxins and enzymes are present in cephalopod saliva and are used to 
manage and subdue crustacean prey (Ghiretti 1959, Cariello et al. 1977, Grisley 1993, Undheim 
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et al. 2010).  Paralytic toxins were described in Octopus sp. prior to cephalotoxin’s isolation 
from the posterior salivary glands of the cuttlefish, Sepia officinalis, by Ghiretti (1959).  Ghiretti 
also extracted cephalotoxin from the posterior salivary glands of Octopus vulgaris and O. 
macropus.  These experiments demonstrated that upon injection with cephalotoxin, crustaceans 
underwent muscular stimulation, then paralysis, and eventually death (Ghiretti 1960).  The 
putative cephalotoxin found in the E. scolopes hemocyte 454 sequencing project (Es-
cephalotoxin) is most similar to the cephalotoxin isolated from the posterior salivary gland of the 
cuttlefish, Sepia esculenta (Collins et al. 2012).  The putative Es-cephalotoxin transcript is 
incomplete and is composed of three segments that account for 2579 bases of the 3402 bases that 
comprise SE-cephalotoxin (Ueda et al. 2008, Collins et al. 2012).  SE-cephalotoxin was found to 
have three different putative domains, a thrombospondin type 1 domain, a low density 
lipoprotein receptor class A domain, and an epidermal growth factor – like domain (Ueda et al. 
2008).  The contigs from the 454 sequencing project contain the low density lipoprotein receptor 
class A domain and the thrombospondin type 1 domain (Collins et al. 2012).  These domains 
may allow the protein to interact with other hemocytes, host cells, or V. fischeri.   
 In order to better understand the role that cephalotoxin may be playing in the hemocytes 
of the Hawaiian bobtail squid and in the squid’s symbiosis with V. fischeri, I characterized the 
cephalotoxin gene in E. scolopes as well as its expression within the host.  Adult gill RNA was 
used to fill in the gaps between the three segments of the cephalotoxin transcript using PCR to 
obtain a single cephalotoxin contig.  I also attempted Rapid Amplification of cDNA Ends 
(RACE) to obtain the ends of the sequences.  Real-time PCR (RT-PCR) was then used to 
monitor cephalotoxin expression during the first 72 hours of juvenile squid development.  
Several tissues of the adult and juvenile squid were surveyed using polymerase chain reaction 
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(PCR) for the presence of cephalotoxin using cephalotoxin specific primers.  Through these 
methods, I characterized cephalotoxin’s presence in the squid and obtained a larger contig of the 
cephalotoxin nucleotide sequence. 
Materials and Methods 
Animal Collection 
 Adult Hawaiian bobtail squid were collected by dip net in the shallow sand flats of Oahu, 
HI.  They were then kept at the University of Connecticut in circulating artificial seawater 
(ASW, Instant Ocean, IO), at 23ºC.  All animals were kept on a 12h dark/12h light cycle 
(Schleicher and Nyholm 2011).  Egg clutches deposited by females were transferred to a sterile 
nursery tank and kept in circulating ASW at 23ºC until they hatched.  Juveniles were then 
collected and placed in 20ml sterile glass scintillation vials in approximately 10ml of filter 
sterilized seawater (FSSW). 
Hemocyte Extraction 
 Hemocytes were collected following the established protocol of Nyholm et al. 2009.  
Prior to hemocyte extraction, adults were anesthetized in 2% ethanol in FSSW.  A sterile 1ml 
syringe with a 28-gauge needle was used to draw hemolymph from the cephalic blood vessel, 
located between the eyes of the animal.  Approximately 5,000 hemocytes/µl were obtained per 
animal.  The hemocytes were immediately added to a TRIzol LS RNA extraction buffer (Life 
Technologies). 
Gap-Filling PCR 
Gap-Filling PCR was conducted using RNA extracted from adult Hawaiian bobtail squid 
white body tissue using TRIzol LS RNA Isolation reagent (Life Technologies).  cDNA was 
synthesized from the RNA using the iScript cDNA Synthesis Kit (Bio-Rad) with 200ng of 
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starting RNA.  One microliter of cDNA was then used in a standard GoTaq Green Master Mix 
PCR (Promega).  The thermocycler protocol was as follows: 94ºC for 3min, 35 cycles of 94ºC 
for 30s, 55ºC for 30s, and 72ºC for 45s; followed by 72ºC for 10min and an 8ºC infinite hold. 
PCR products were imaged on a 1% agarose gel with SYBR Safe DNA Gel Stain (Life 
Technologies).  If the PCR product matched the expected size, the product was treated with 
ExoSAP-IT (Affymetrix) and 2µl were added to a BigDye Terminator v1.1 Cycle Sequencing 
reaction (Life Technologies).  The BigDye products were then sequenced using the ABI3130 
Automated Capillary DNA Sequencer (Applied Biosystems) in the University of Connecticut 
Biotechnology Center and the Center for Applied Genomic Technology at the University of 
Connecticut. 
Frameshift Sequencing PCR 
Frameshift sequencing PCR was conducted using RNA extracted from adult gills.  cDNA 
was synthesized as described above.  The cDNA was then used in a standard Phusion High-
Fidelity PCR Master Mix (Thermo Scientific) with 2µl of cDNA template.  The thermocycler 
protocol was as follows: 98ºC for 30s, 40 cycles of 98ºC for 10s, 55ºC for 10s, and 72ºC for 45; 
followed by 72ºC for 10min and an infinite hold at 8ºC.  The PCR product was observed as 
above.  The PCR product was used in an Exosap reaction, placed in a BigDye reaction, and 
sequenced. 
RLM RACE 
Rapid Amplification of cDNA Ends (RACE) was conducted following the 3' and 5' 
RLM-RACE protocol with the First Choice RLM-RACE kit (Life Technologies).  RNA was 
extracted from adult gill tissue with TRIzol LS RNA Isolation Reagent.  The RNA was then 
checked with a Pico RNA Bioanalyzer Kit (Agilent).  Once the RLM RACE Outer and Inner 
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PCRs were complete the products were imaged as described above.  Products of the predicted 
size were extracted from the gel and purified using the QIAQuick Gel Extraction Kit (Qiagen) 
spin column protocol.  The purified DNA products were ligated into plasmids using pGEM-T 
Easy Vector (Promega), which were then used with Subcloning Efficiency DH5α Escherichia 
coli cells (Life Technologies) to clone the PCR product.  Transformed cells were grown 
overnight at 37ºC on LB selection plates with 0.5ml X-Gal, 2ml ampicillin 50mg/ml stock, and 
5ml of 0.1M IPTG per liter of media with 20mM MgSO4.  White colonies were tested for the 
plasmid using a standard GoTaq Green Master Mix PCR with T7 and SP6 primers.  A sample 
from each colony was transferred to the GoTaq reaction and used as template.  The thermocycler 
protocol consisted of: 95ºC for 3min, 35 cycles of 95ºC for 30s, 55ºC for 30s, and 72ºC for 1min; 
followed by 72ºC for 10min and a 4ºC infinite hold.  PCR products were imaged as described 
above.  Colonies that contained the ligated product were grown in 5ml LB containing 5µl 
ampicillin; plasmids were extracted using the QIAprep Spin Mini Kit.  Finally, the plasmids 
were sequenced using the BigDye reaction.  
When the first few attempts resulted in the sequencing of non-cephalotoxin related genes, 
a second primer set was ordered for the 5'RACE.  I also attempted to obtain the proper sequence 
by lengthening the extension period of the thermocycler protocol to 1.5 min due to the large size 
of the 5'RACE product.  This primer set and modified protocol did not work to amplify the 
cephalotoxin gene, so a third set of primers was used in the hopes of amplifying the ends of 
cephalotoxin, with no success. 
Issues with the ligation of the 3'RACE product were dealt with using TOPO Blunt Ended 
Ligase.  Phusion Master Mix contains a proofreading polymerase that does not leave the extra 
hanging adenosine (A) on each 3'end of the amplified DNA that is necessary for TA Cloning, 
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such as the PGem vector.  DH5α competent E. coli were transformed with the TOPO vector and 
grown on LB plates with kanamycin.  The TOPO ligase led to more transformed 3'RACE 
colonies, however the 3'RACE reaction still failed to amplify cephalotoxin. 
I attempted to increase the binding affinity of the primers for cephalotoxin using a 
touchdown PCR.  The protocol was as follows: 95ºC for 4min, 11 cycles of 95ºC for 30s, 70ºC-
59ºC* for 30s, and 72ºC for 30s; followed by 24 cycles of 95ºC for 30s, 60ºC for 30s, 72ºC for 
30s; finally 72ºC for 7min and an 8ºC infinite hold.  The (*) refers to a step in the protocol in 
which the temperature was decreased by 1ºC each cycle.  This PCR was attempted with both the 
first set and third set of 5'RACE primers to no avail. 
Following the second tissue survey conducted with DNAse-treated RNA, I attempted 
RACE again using hemocyte RNA.  The PCR used the first set of 5' and 3' primers.  Results 
from this procedure looked promising, yet they failed to yield a sequence product that belonged 
to E. scolopes.  Due to time constraints, RACE was not attempted again. 
Real-Time PCR 
 RNA Sample Preparation: Juveniles were collected at 2-3pm each day.  Luminescence of 
0 hour aposymbiotic juveniles was checked with the luminometer; if they were under 600RLUs, 
they were anesthetized in 2% ethanol in FSSW.  The liquid was then removed, and they were 
placed in 500µl of RNA Later per 30 juveniles.  Samples were then incubated for 24h at 4ºC 
before storing at -20ºC until their use.   
72h aposymbiotic juveniles were collected and separated into 20ml scintillation vials in 
FSSW, their luminescence was checked with the luminometer, and they were given a water 
change at 48h.  After 72h, the juveniles were checked with the luminometer, and those that were 
under 600RLUs were anesthetized and preserved in RNA Later, as above.   
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The 72h symbiotic juveniles were placed in a beaker with 250ml FSSW and 5,000 
cells/ml of V. fischeri were added.  The juveniles were incubated for 24h with the bacteria, then 
separated into scintillation vials and checked with the luminometer.  Juveniles that read over 
1,000 RLUs were kept for the experiment.  They were checked again at 72h and anesthetized and 
preserved as above.   
Samples kept at -20ºC were later thawed on ice, and the light organs and gills were 
removed from 50 juveniles and placed into 300µl RNA Later for each time point.  An RNA 
extraction was performed using TRIzol LS RNA Isolation Reagent once 50 juveniles had been 
dissected.  The protocol was followed at half volume, and 100µl of molecular biology grade 
water was added to the initial homogenization step in order to increase the size of the aqueous 
layer for easy phase separation.   
RNA quality was checked with an RNA Bioanalyzer kit using the Agilent Bioanalyzer 
and then stored at -80ºC until needed.  Each RNA sample was treated with the Turbo DNAse kit 
using 1.2µg RNA in a 35µl reaction to remove any contaminating DNA.  Samples were then 
treated with iScript cDNA Synthesis kit using Random Primers.  One microliter of cDNA was 
used as template in a standard GoTaq Master Mix reaction with properdin primers that anneal to 
cephalotoxin and 40s primers that anneal to ribosomal RNA to test the quality of the RNA.  After 
visualizing the results from this gel, a second tissue survey using DNAse treated RNA was 
conducted. 
Tissue Survey 
 The following tissues from adult squid were surveyed for cephalotoxin: hemocytes, white 
body, central core, gills, and salivary gland.  Juvenile gills and juvenile light organs were also 
surveyed.  RNA was extracted following the TRIzol RNA Isolation Reagent protocol, and cDNA 
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was synthesized using the iScript cDNA Synthesis Kit.  The survey was conducted via PCR 
using two different primer sets: EsCt, with an expected product of approximately 400bp, and 
cephalotoxin qPCR primers, called the properdin primers, with an expected product of 
approximately 150bp.  PCR products were imaged as described above.  The appearance of a 
distinct band was considered evidence of the presence of cephalotoxin mRNA in the tissue.   
The EsCt PCR was conducted in a standard GoTaq Green Master Mix reaction with 1µl 
of cDNA template.  The thermocycler protocol was: 94ºC for 3min, 35 cycles of 94ºC for 30s, 
55ºC for 30s, and 72ºC for 45s; followed by 72ºC for 10min and an infinite hold at 8ºC.  
The properdin reaction mix was a standard GoTaq Green Master Mix reaction with 1µl of 
cDNA template.  The thermocycler protocol was: 94ºC for 3min, 35 cycles of 94ºC for 30s, 
56.9ºC for 30s, and 72ºC for 45s; followed by 72ºC for 10min and an 8ºC infinite hold. 
Due to the consistent failure of RACE and the unexpected results from the PCR conducted with 
juvenile tissues, another tissue survey was conducted in which RNA was treated with Turbo 
DNA-free Kit (Life Technologies) following extraction, and before being used to synthesize 
cDNA.  This step ensured that the presence of cephalotoxin in a tissue was not due to genomic 
DNA contamination.  The PCR protocols remained the same for each primer set, except 2µl of 
cDNA template was used and the number of cycles was increased 40 cycles. 
Results 
The 454 sequencing provided three segments of the cephalotoxin gene containing 2579 
nucleotides that aligned to Sepia esculenta (SE-cephalotoxin) as demonstrated by BLASTn 
(Figure 2).  These three segments were combined into a single contig by the gap filling PCR 
(Figure 3).  The gap filling PCR was conducted on gills and white body cDNA.  Four frameshifts 
occurred during the sequencing process, located at approximately 100, 1000, 1300, and 1400 
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bases (Figure 4).  These were discovered using BLASTx of Es-cephalotoxin nucleotide sequence 
against the SE-cephalotoxin amino acid sequence.  Three frameshifts were corrected using the 
frameshift fixing PCR.  All of the sequencing data combined made the erroneous base detectable.  
The Geneious alignment of all of these sequencing methods allowed for the completion of a 
single cephalotoxin contig (Figure 5).  These sequencing methods resulted in the sequencing of 
3050 nucleotides out of the possible 3402 nucleotides of SE-cephalotoxin.  The remaining 352 
nucleotides are missing from the 5' and 3' ends of the sequence. 
Within the 3050 nucleotides sequenced from Es-cephalotoxin are the conserved putative 
domains found in SE-cephalotoxin, an epidermal growth factor-like domain, a thrombospondin 
type 1 domain, and a low-density lipoprotein receptor A domain (Figure 6). 
3' and 5'RACE were attempted to sequence the remaining 352 bases missing from the Es-
cephalotoxin contig.  The 3'RACE procedure amplified a specific gene, however, the sequencing 
product did not align to cephalotoxin (Figure 7).  5'RACE also resulted in a distinct product after 
optimizing the PCR, but this product also failed to align to cephalotoxin (Figure 8).  Despite 
optimizing the thermocycler protocol, using three different primer sets, and using hemocyte 
RNA in another trial, these sequences failed to align to cephalotoxin (Table 2).  These failures 
are most likely due to the low expression level of cephalotoxin within the gills, and the low 
concentration of hemocyte RNA used in the last trial.  5' and 3' RACE may be more successful 
with a greater quantity of hemocyte RNA pooled from at least two adult animals. 
The tissues of E. scolopes were surveyed for cephalotoxin expression to further 
characterize cephalotoxin’s role in the squid.  The juvenile gills and light organs and the adult 
accessory nidamental gland (ANG), gills, central core, white body, salivary gland, and 
hemocytes (not shown) were surveyed (Figure 9).  The light organs, specifically the central core 
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tissue, were investigated because this is the site of interaction between V. fischeri and the 
hemocytes.  The gills were surveyed because they should have a high number of circulating 
hemocytes.  The white body was investigated because it is the site of hemocyte development and 
contains hemocytes that have not come into contact with V. fischeri, yet.  The salivary gland is 
where cephalotoxin has previously been found in other cephalopod species.  The results obtained 
from the tissue survey indicated that cephalotoxin is present in almost every adult tissue and the 
juvenile gills and light organs (Figure 10).  However, these results fail to eliminate the potential 
for genomic DNA contamination in the PCR products.  Upon repeating the survey with DNAse-
treated juvenile samples, it was found that cephalotoxin was not detectable in the juvenile light 
organ (Figure 11).  Juvenile hemocytes were not examined.  The RNA was confirmed to be of 
good quality by a Pico RNA chip (Figure 12).  Another juvenile tissue survey was conducted that 
confirmed that cephalotoxin is not present in the light organ, but is present in the gills (Figure 
13).  The adult tissue survey was then repeated with DNAse-treated samples, and it was found 
that cephalotoxin is detectable only in the gills and the hemocytes (Figure 14).  The presence of 
cephalotoxin in the gills is most likely because the gills are highly vascularized and would 
contain a large number of circulating hemocytes.  The absence of cephalotoxin in the adult white 
body is particularly interesting because this is where hemocytes mature; this suggests that 
cephalotoxin is not expressed by the hemocytes prior to being fully mature and coming into 
contact with V. fischeri.  Cephalotoxin must be playing a novel role in E. scolopes because it is 
undetectable in the salivary gland, where it had been found previously in other species, and it is 
detectable in the hemocytes, where it may be serving an unknown function. 
Discussion 
 The 454, gap-filling, and frameshift fixing sequencing data all support the conclusion that 
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cephalotoxin is present in E. scolopes, and that this cephalotoxin sequence is very similar to 
Sepia esculenta cephalotoxin (SE-cephalotoxin) (Ueda et al. 2008, Collins et al. 2012).  The Es-
cephalotoxin contains a thrombospondin type 1 domain, an epidermal growth factor like domain, 
and a low-density lipoprotein receptor A domain that are present in SE-cephalotoxin.  These data 
suggest that cephalotoxin from E. scolopes is almost identical to the cephalotoxin found in the 
salivary gland of S. esculenta, yet its expression within the hemocytes is novel in E. scolopes.  
These conserved domains may allow the protein to interact with other hemocytes, squid tissues, 
or V. fischeri.  Epidermal growth factor signals cellular differentiation and proliferation when it 
binds to its receptor (Herbst 2004).  This conserved domain in cephalotoxin may be signaling the 
epithelia of the light organ to differentiate during development.  Thrombospondin type 1 
domains are used in cell-cell signaling and in concentration gradients used to guide developing 
neurons and in angiogenesis (Tucker 2004).  Thrombospondin type 1 may be directly playing a 
role in interactions between the hemocytes and V. fischeri.  Low-density lipoprotein receptors are 
used for the binding and endocytosis of extracellular cholesterol and are common domains found 
in proteins (Fass et al. 1997).  The role that these domains may be playing could be revealed 
through immunocytochemistry with an antibody specific to cephalotoxin. 
The RACE sequencing process did not result in a complete cephalotoxin transcript, 
suggesting that cephalotoxin mRNA is present in very low quantities within the gills of E. 
scolopes.  This is most likely due to the low amount of hemocytes within the gills expressing 
cephalotoxin (Figure 13).  In order to obtain the entire cephalotoxin transcript, RACE should be 
attempted with a large quantity of hemocyte RNA.  This RNA would have to be collected from 
several squid due to the small amount of hemocytes obtained from each bleed, and the small 
amount of RNA present in these samples.  The attempted RACE with hemocyte RNA most 
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likely failed due to the low quantity of RNA available.  However, other problems may have 
occurred due to the primers not having a high enough affinity to cephalotoxin or contamination 
with chemicals from the RNA extraction procedure ruining the amplification reactions of RACE.  
Cephalotoxin mRNA may also exist in a quantity that is too low for RACE to amplify.  Without 
a large quantity of high quality hemocyte RNA, it will not be possible to amplify the 5' and 3' 
ends of cephalotoxin using RACE. 
Cephalotoxin appears to be present exclusively in the squid’s hemocytes.  Cephalotoxin 
was most likely detected in gill tissue due to the highly vascularized nature of this tissue.  The 
expression of cephalotoxin solely in the hemocytes, and the changes that occur in its expression 
levels after curing the light organ suggest that it plays a role in host/symbiont interactions.  The 
initial result that indicated cephalotoxin’s presence in the white body, central core, light organ, 
and salivary gland were likely due to genomic DNA contaminating the RNA samples. 
In order to better characterize cephalotoxin’s novel role in the hemocytes of E. scolopes, 
immunocytochemistry should be conducted with an antibody to cephalotoxin.  The hemocytes 
can then be imaged with V. fischeri to see where cephalotoxin localizes during interactions 
between the hemocytes and the symbiont.  This experiment should also be repeated using 
different bacteria that the hemocytes are known to phagocytose, such as V. harveyi or 
Photobacterium leiognathi (Nyholm et al. 2009) in order to reveal any potential differences in 
cephalotoxin localization.  This antibody could also be used with Western blot analysis to 
characterize any changes in cephalotoxin protein abundance in the host hemocytes. 
Another experiment that could reveal more about cephalotoxin’s novel role in the 
hemocytes is an investigation into its expression in juvenile hemocytes.  Its expression could not 
be detected in the light organs aposymbiotic or symbiotic juveniles, but this is most likely due to 
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the low number of hemocytes present in the light organs.  Cephalotoxin is present in juvenile 
gills, probably due to the hemocytes present within the gills.  The expression level of 
cephalotoxin could be investigated during different time points of the symbiosis using qPCR 
from hemocytes collected from juvenile animals.  This may indicate what role cephalotoxin is 
playing during the initiation of the symbiosis.  
 Cephalotoxin has not been found outside of the salivary gland of cephalopods prior to the 
research published by Collins, et al. in 2012.  My data suggest that cephalotoxin is only 
expressed in the hemocytes of E. scolopes.  Cephalotoxin may play a novel role in this host, 
other than as a paralyzing agent from the salivary gland.  Obtaining the 5' end of the 
cephalotoxin transcript may reveal a signal peptide that could further characterize the role that 
this protein is playing within the innate immune system.  The differential expression of 
cephalotoxin within the hemocytes in response to V. fischeri colonization suggests that it plays a 
role in immune system-symbiont interaction.  Further research into cephalotoxin and its use by 
hemocytes may reveal information on how immune cells can interact with beneficial bacteria. 
Acknowledgements 
 I want to thank Dr. Spencer Nyholm for his guidance and support throughout my 
undergraduate career.  I would also like to thank Andrew Collins, Tyler Schleicher, Allison 
Kerwin, and Dr. Bethany Rader for teaching me the various laboratory techniques I have used 
throughout my project.  Thanks to all of the past and current members of the Nyholm Lab who 
have assisted with my project.  I also want to extend my thanks to the Office of Undergraduate 
Research for funding my research through the SURF award, the Life Sciences Honors Thesis 
award, and the Undergraduate Research Supply award. 
 
  Jessie Scott 
 
17 
 
References 
Altschul SF, Gish W, Miller W, Myers EW, and Lipman DJ. (1990). Basic local alignment 
search tool. Journal of Molecular Biology 215: 403-410. 
Cariello L and Zanetti L. (1977). α – And β – Cephalotoxin: two paralysing proteins from 
posterior salivary glands of Octopus vulgaris. Comparative Biochemistry and Physiology 
57C: 169-173. 
Collins AJ, Schleicher TR, Rader BA, and Nyholm SV. (2012). Understanding the role of host 
hemocytes in a squid/Vibrio symbiosis using transcriptomics and proteomics. Frontiers 
in Immunology 3:91. doi: 10.3389/fimmu.2012. 
Fass D, Blacklow S, Kim PS, Berger JM. (1997). Molecular basis of familial 
hypercholesterolaemia from structure of LDL receptor module. Nature 388:691-693. 
Geneious version 6.1.7 created by Biomatters.  
Ghiretti, F. (1959). Cephalotoxin: the crab-paralysing agent of the posterior salivary glands of 
cephalopods. Nature 183:1192-1193. 
Ghiretti, F. (1960). Toxicity of octopus saliva against crustacea. Annals New York Academy of 
Sciences 90:726-741. 
Herbst RS. (2004). Review of epidermal growth factor receptor biology. International Journal of 
Radiation Oncology Biology Physics 59:S21-S26. 
McFall-Ngai M, Heath-Heckman EAC, Gillette AA, Peyer SM, Harvie EA. (2012). The secret 
languages of coevolved symbioses: Insights from the Euprymna scolopes-Vibrio fischeri 
symbiosis. Seminars in Immunology 24:3-8. 
McFall-Ngai M, Nyholm SV, Castillo MG. (2010). The role of the immune system in the 
initiation and persistence of the Euprymna scolopes-Vibrio fischeri symbiosis. Seminars 
  Jessie Scott 
 
18 
 
in Immunology 22:48-53. 
Nyholm SV, Graf J. (2012). Knowing your friends: invertebrate innate immunity fosters 
beneficial bacterial symbioses. Nature Reviews Microbiology 10:1-25. 
doi:10.1038/nrmicro2894 
Nyholm SV and McFall-Ngai M. (2004). The winnowing establishing the squid-vibrio 
symbiosis. Nature Reviews Microbiology 2:632-642. 
Nyholm SV, Stewart JJ, Ruby EG, and McFall-Ngai MJ. (2009). Recognition between 
symbiotic Vibrio fischeri and the haemocytes of Euprymna scolopes. Environmental 
Microbiology 11: 483–493. doi: 10.1111/j.1462-2920.2008.01788.x 
Rader BA and Nyholm SV. (2012). Host/microbe interactions revealed through “omics” in the 
symbiosis between the Hawaiian bobtail squid Euprimna scolopes and the 
bioluminescent bacterium Vibrio fischeri. The Biological Bulletin 223:103-111. 
Schleicher TR and Nyholm SV. (2011). Characterizing the host and symbiont proteomes in the 
association between the bobtail squid, Euprymna scolopes, and the bacterium, Vibrio 
fischeri. PLoS ONE 6(10): e25649. doi:10.1371/journal.pone.0025649 
Tucker RP. (2004). The thrombospondin type 1 repeat superfamily. The International Journal of 
Biochemistry & Cell Biology 36:969-974. 
Ueda A, Nagai H, Ishida M, Nagashima Y, and Shiomi K. (2008). Purification and molecular 
cloning of SE-cephalotoxin, a novel proteinaceous toxin from the posterior salivary gland 
of cuttlefish Sepia esculenta. Toxicon 52:574-581. 
Undheim EAB, Georgieva DN, Thoen HH, Norman JA, Mork J, Betzel C, and Fry BG. (2010). 
Venom on ice: first insights into Antarctic octopus venom. Toxicon 56:897-913. 
 
  Jessie Scott 
 
19 
 
Tables 
Table 1: PCR Primers 
Tissue Survey 
EsCtF TCGTCTCCTTTAATGCAGCGGTCT 
EsCtR TCAATTACGAAGACGAACCT 
ProperdinF TACCACGCGAATTGACACAT 
ProperdinR TACTGGAACGCACAAGTTGC 
Gap-filling PCR 
Gap1F TTTTTCGAGAAAACCAAAT 
Gap1R CATTAACCTCTGCTCCAATC 
Gap2F CAATCGGAGAATGAAGACAT 
Gap2R CACTCTCATACCCTCAAAGC 
Frameshift Sequencing PCR 
Gap1F TTTTTCGAGAACAACCAAAT  
FS1R TCGTGTTTCCTTTCATTCTT 
FSF AAAGTTGGATCATACGGTTG 
Gap2R AGTAATTCGCATACGTCGTT 
RLM-RACE 
5'OuterR TGGTGGTAATTCGCATCAGA 
5'InnerF GGTCTCAACCACATCCGATT 
5'InnerR CCGCCTATTTATTTCGGACA 
3'OuterF AAACGGTAACGGTGCCATAA 
3'InnerF GCGTATTTAGACCGCTGCAT 
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5'Outer2 TGGTTGAGACCACAGACAGC 
5'Inner2 TATTTTGGCAGGCGACTTTT 
5'Outer3 ATCCGTAATGGCCTGCAA 
5'Inner3 AAACTCAAAAAGCCGCTCA 
SP6 ATTTAGGTGACACTATAG 
T7 TAATACGACTCACTATAGGG 
 
Table 1: The primers used in each experiment. All of the primers used in this research were 
designed using Primer3 and ordered from Invitrogen. 
 
Table 2: RACE Sequencing Products 
Accession Number Name E-value 
XP_003369126.1 Conserved hypothetical protein [Trichinella spiralis] 2e-37 
CP001646.1 Ralstonia pickettii 12D plasmid pRp12D01 0.0 
EF492052.2 Mycobacterium thermophilum cellobiose dehydrogenase 
(CDH) mRNA 
2e-34 
CP007391.1 Escherichia coli strain ST540, complete genome 0.0 
XP_005110414.1 Predicted: RNA-directed DNA polymerase from mobile 
element jockey-like [Aplysia californica] 
4e-06 
XP_005106324.1 Predicted: pleckstrin homology domain-containing family M 
member 2-like isoform X2 [Aplysia californica] 
5.6 
 
Table 2: None of the products from RACE sequencing corresponded to Es-cephalotoxin. 
  
 
 
Figures 
Figure 1: Cephalotoxin is down regulated in animals cured
survey conducted on hemocytes from symbiotic and cured hosts
cephalotoxin expression when the symbiont was cleared
are the ribosomal subunit genes used to normalize the qPCR.  The standard deviation of three 
triplicate samples is represented b
Figure 2: BLASTn alignment of three 
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 with antibiotics. 
 there was a 7.1-
 (Collins et al. 2012).  Es40s 
y the error bars. 
cephalotoxin segments from Euprymna scolopes
Jessie Scott 
 In a qPCR 
fold decrease in 
and EsL21 
 
 to 
  
 
the cephalotoxin sequence from 
they align to the cephalotoxin from 
Figure 3: Gap 1 and Gap 2 PCR bands used for sequencing. 
1 and Gap 2.  Gap 1 is the 5'-most missing sequence and Gap 2 is the 3
between the three 454 cephalotoxin sequences depicted in Figure 2.  
cDNA were used as template.  These PCR products were sequenced.
Figure 4: BLASTx of Es-cephalotoxin reveals frameshifts resulting from the sequencing 
process.  BLASTx of Es-cephalotoxin nucleotide sequence against SE
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Sepia esculenta.  These segments are not a single contig and 
S. esculenta. 
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sequence.  This alignment was conducted to search for any single nucleotide changes that would 
cause a frameshift in the cephalotoxin amino acid sequence that were not evident in a nucleotide-
nucleotide sequence alignment.  Four observable frameshifts are evident by the color change 
from red, indicating a high sequence similarity to green, black, and pink, which indicate a lower 
sequence similarity.  Upon comparing all of the sequencing data obtained from the gap filling, 
frameshift fixing, and 454 sequencing, the sequence errors were found to be single base pair 
errors in the 454 sequence products. 
 
 
 
 
Figure 5: Genetic sequencing alignment from Geneious.  This alignment from Geneious v.7.1 
(Biomatters) displays all of the sequencing procedures used to obtain a cephalotoxin contig.  The 
Key: 
         = 454 
         = Gap 1 
         = Frameshift Fix 
         = Gap 2 
  
 
454 sequencing product was the original cephalotoxin sequence obtained from the squid (Collins 
et al. 2012), the Gap 1 and Gap 2 sequencing products joined the 454 sequencing products into a 
single contig, and the frameshift fix sequencing product confirme
occurred during the 454 sequencing process.
Figure 6: Es-cephalotoxin contains an epidermal growth factor
domain (EGF), a thrombospondin type 1 domain (TSP1), and a low
density lipoprotein receptor A domain (LDLa). 
these three conserved protein domains within the Es
Figure 7: 
A. 3'RACE Outer PCR demonstrating the lack of a specific product. 
never contained a specific band.
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-like 
-
 InterProScan5 found 
-cephalotoxin amino acid sequence.
 The outer PCRs 
  This PCR used adult gill cDNA as template.
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B. 3'RACE Inner PCR has a specific product. 
cephalotoxin transcript within the 3
middle of this gel indicates the breakage of the
C. Colony PCRs show the ina
PGem vector did not ligate the 3
that used samples from a single bacterial colony as template.
D. TOPO ligation of 3'RACE products result
products.  Each PCR used a sample from a single bacterial colony as template.
products, however, did not align to cephalotoxin.
Figure 8: 
A. 5'RACE PCR that yielded a band suitable for sequencing. 
could be used for sequencing, however the sequence did not align to Es
B. 5'RACE Inner PCR product obtained using 5
5'RACE Inner PCR product 
 
25 
 The Inner PCR primers annealed to 
'RACE outer PCR template.  (The bright line in the 
 gel during the imaging process.
bility to use PGem to amplify 3'RACE products.  
'RACE product efficiently as demonstrated in the PCR 
 
ed in better amplification of 3
 
 
 The 5'RACE inner PCR 
-cephalotoxin.
'Outer3 and 5'Inner3 primers.  
was also used for sequencing, but it did not align to Es
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cephalotoxin. 
Figure 9: Tissues dissected from adult and juvenile squid. 
white body, and salivary gland were dissected from adult squid.  The gills and light organs were 
dissected from juveniles.  These tissues were surveyed via PCR
Figure 10: 
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A. Cephalotoxin was found 
juvenile gills and light organ. 
EsCt primers and cDNA samples
reverse transcriptase negative control.  These
prior to being used in an RT reaction to generate the cDNA template
B. Cephalotoxin was present in the salivary gland. 
with DNAse prior to being reverse transcr
was used as template in a PCR 
Figure 11: Cephalotoxin was not present in the juvenile light organs. 
survey was conducted on juvenile light organ cDNA for cephalotoxin expression.  RNA was 
extracted from light organ tissue, treated with DNAse, and reverse transcribed into cDNA to be 
used as the PCR template.  Primers for the
samples were used as a negative control.
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in the adult white body, central core, and gills; 
 Gel image from a cephalotoxin tissue survey using the 
.  Cephalotoxin was not found in the hemolymph or the 
 RNA samples were not treated with DNAse
. 
 This RNA sample was not treated 
ibed into cDNA.  The salivary gland cDNA 
using the EsCt primers. 
 An RT
 40s rDNA were used as a positive con
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Figure 12: The light organ RNA used for RT
the RNA samples used in the DNAse procedure for the RT
good quality by having distinct 18s and 28s ribosomal RNA peaks with little noise demonstrating 
sample degradation.  
 
Figure 13: Cephalotoxin (Ctx) is present in the juvenile gills, but not the juvenile light 
organs.  Results from a juvenile tissue survey demonstrate that cephalotoxin is present in the 
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-PCR was of good quality.  RNA chip data for 
-PCR.  These samples demonstrate 
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gills, but not the light organ in cDNA samples reverse transcribed from a DNAse
template.  Ribosomal 40s primers were used as a positive control.
 
Figure 14: 
A. Cephalotoxin is only present in the adult gills and hemocytes of DNAse
samples.  Repeated tissue survey using
samples and the cephalotoxin qPCR primers.  Cephalotoxin is present in the gills and the 
hemocytes, but not in the white body, AND, central core, or salivary gland.
B. DNAsed samples are good quality as indicated by a 40s positive control PCR. 
PCR used 40s rDNA primers.  The ANG sample 
no conclusions can be drawn about cephalotoxin in the ANG from this survey
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